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Characteristics of Selected Elements 



Element 


Symbol 


Atomic 

Number 


Atomic 

Weight 

(amu) 


Density of 
Solid , 20°C 
(g/cm 3 ) 


Crystal 

Structure, 

20°C 


Atomic 

Radius 

(n/n) 


Ionic 

Radius 

(nm) 


Most 

Common 

Valence 


Melting 

Point 

(°C) 


Aluminum 


Al 


13 


26.98 


2.71 


FCC 


0.143 


0.053 


3 + 


660.4 


Argon 


Ar 


18 


39.95 


— 


— 


— 


— 


Inert 


-189.2 


Barium 


Ba 


56 


137.33 


3.5 


BCC 


0.217 


0.136 


2+ 


725 


Beryllium 


Be 


4 


9.012 


1.85 


HCP 


0.114 


0.035 


2+ 


1278 


Boron 


B 


5 


10.81 


2.34 


Rhomb. 


— 


0.023 


3 + 


2300 


Bromine 


Br 


35 


79.90 


— 


— 


— 


0.196 


1- 


-7.2 


Cadmium 


Cd 


48 


112.41 


8.65 


HCP 


0.149 


0.095 


2+ 


321 


Calcium 


Ca 


20 


40.08 


1.55 


FCC 


0.197 


0.100 


2+ 


839 


Carbon 


C 


6 


12.011 


2.25 


Hex. 


0.071 


-0.016 


4+ 


(sublimes at 3367) 


Cesium 


Cs 


55 


132.91 


1.87 


BCC 


0.265 


0.170 


1 + 


28.4 


Chlorine 


Cl 


17 


35.45 


— 


— 


— 


0.181 


1- 


-101 


Chromium 


Cr 


24 


52.00 


7.19 


BCC 


0.125 


0.063 


3 + 


1875 


Cobalt 


Co 


27 


58.93 


8.9 


HCP 


0.125 


0.072 


2+ 


1495 


Copper 


Cu 


29 


63.55 


8.94 


FCC 


0.128 


0.096 


1 + 


1085 


Fluorine 


F 


9 


19.00 


— 


— 


— 


0.133 


1- 


-220 


Gallium 


Ga 


31 


69.72 


5.90 


Ortho. 


0.122 


0.062 


3 + 


29.8 


Germanium 


Ge 


32 


72.64 


5.32 


Dia. cubic 


0.122 


0.053 


4+ 


937 


Gold 


Au 


79 


196.97 


19.32 


FCC 


0.144 


0.137 


1 + 


1064 


Helium 


He 


2 


4.003 


— 


— 


— 


— 


Inert 


—272 (at 26 atm) 


Hydrogen 


H 


1 


1.008 


— 


— 


— 


0.154 


1 + 


-259 


Iodine 


I 


53 


126.91 


4.93 


Ortho. 


0.136 


0.220 


1- 


114 


Iron 


Fe 


26 


55.85 


7.87 


BCC 


0.124 


0.077 


2+ 


1538 


Lead 


Pb 


82 


207.2 


11.35 


FCC 


0.175 


0.120 


2+ 


327 


Lithium 


Li 


3 


6.94 


0.534 


BCC 


0.152 


0.068 


1 + 


181 


Magnesium 


Mg 


12 


24.31 


1.74 


HCP 


0.160 


0.072 


2+ 


649 


Manganese 


Mn 


25 


54.94 


7.44 


Cubic 


0.112 


0.067 


2+ 


1244 


Mercury 


Hg 


80 


200.59 


— 


— 


— 


0.110 


2+ 


-38.8 


Molybdenum 


Mo 


42 


95.94 


10.22 


BCC 


0.136 


0.070 


4+ 


2617 


Neon 


Ne 


10 


20.18 


— 


— 


— 


— 


Inert 


-248.7 


Nickel 


Ni 


28 


58.69 


8.90 


FCC 


0.125 


0.069 


2+ 


1455 


Niobium 


Nb 


41 


92.91 


8.57 


BCC 


0.143 


0.069 


5 + 


2468 


Nitrogen 


N 


7 


14.007 


— 


— 


— 


0.01-0.02 


5 + 


-209.9 


Oxygen 


O 


8 


16.00 


— 


— 


— 


0.140 


2- 


-218.4 


Phosphoms 


P 


15 


30.97 


1.82 


Ortho. 


0.109 


0.035 


5 + 


44.1 


Platinum 


Pt 


78 


195.08 


21.45 


FCC 


0.139 


0.080 


2+ 


1772 


Potassium 


K 


19 


39.10 


0.862 


BCC 


0.231 


0.138 


1 + 


63 


Silicon 


Si 


14 


28.09 


2.33 


Dia. cubic 


0.118 


0.040 


4+ 


1410 


Silver 


Ag 


47 


107.87 


10.49 


FCC 


0.144 


0.126 


1 + 


962 


Sodium 


Na 


11 


22.99 


0.971 


BCC 


0.186 


0.102 


1 + 


98 


Sulfur 


S 


16 


32.06 


2.07 


Ortho. 


0.106 


0.184 


2- 


113 


Tin 


Sn 


50 


118.71 


7.27 


Tetra. 


0.151 


0.071 


4+ 


232 


Titanium 


Ti 


22 


47.87 


4.51 


HCP 


0.145 


0.068 


4+ 


1668 


Tungsten 


W 


74 


183.84 


19.3 


BCC 


0.137 


0.070 


4+ 


3410 


Vanadium 


V 


23 


50.94 


6.1 


BCC 


0.132 


0.059 


5 + 


1890 


Zinc 


Zn 


30 


65.41 


7.13 


HCP 


0.133 


0.074 


2+ 


420 


Zirconium 


Zr 


40 


91.22 


6.51 


HCP 


0.159 


0.079 


4+ 


1852 



Values of Selected Physical Constants 



Quantity 


Symbol 


SI Units 


cgs Units 


Avogadro’s number 


n a 


6.022 X 10 23 


6.022 X 10 23 






molecules/mol 


molecules/mol 


BoltzmamFs constant 


k 


1.38 X IO -23 J/atom • K 


1.38 X 10 -16 erg/atom • K 
8.62 X 10~ 5 eV/atom • K 


Bohr magneton 


Mb 


9.27 X 10~ 24 A • m 2 


9.27 X 10~ 21 erg/gauss" 


Electron charge 


e 


1.602 X 10“ 19 C 


4.8 X 10~ 10 statcoul 6 


Electron mass 


— 


9.11 X 10~ 31 kg 


9.11 X 10“ 2S g 


Gas constant 


R 


8.31 J/mol-K 


1.987 cal /mol • K 


Permeability of a vacuum 


Mo 


1.257 X 10 -6 henry/m 


unity" 


Permittivity of a vacuum 


e o 


8.85 X 10- 12 farad/m 


unity 6 


Planck's constant 


h 


6.63 X 10~ 34 J • s 


6.63 X 10 -27 erg • s 
4.13 X 10~ 15 eV-s 


Velocity of light in a vacuum 


c 


3 X 10 8 m/s 


3 X IO 10 cm/s 



“ In cgs-emu units. 
b In cgs-esu units. 



Unit Abbreviations 



A = ampere 
A = angstrom 
Btu = British thermal unit 
C = Coulomb 
°C = degrees Celsius 
cal = calorie (gram) 
cm = centimeter 
eV = electron volt 
°F = degrees Fahrenheit 
ft = foot 

g = gram 



in. = inch 
J = joule 

K = degrees Kelvin 
kg = kilogram 
lb £ = pound force 
lb m = pound mass 
m = meter 
Mg = megagram 
mm = millimeter 
mol = mole 
MPa = megapascal 



N = newton 
nm = nanometer 
P = poise 
Pa = Pascal 
s = second 
T = temperature 
p,m = micrometer 
(micron) 

W = watt 

psi = pounds per square 
inch 



SI Multiple and Submultiple Prefixes 



Factor by Which 
Multiplied 


Prefix 


Symbol 


10 9 


giga 


G 


10 6 


mega 


M 


10 3 


kilo 


k 


10^ 2 


centi* 


c 


10^ 3 


milli 


m 


10^ 6 


micro 


P 


10^ 9 


nano 


n 


10^ 12 


pico 


P 



Avoided when possible. 
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Preface 





In this Eighth Edition we have retained the objectives and approaches for teach- 
ing materiais Science and engineering that were presented in previous editions. The 
first, and primary, objective is to present the basic fundamentais on a levei appro- 
priate for university/college students who have completed their freshmen calculus, 
chemistry, and physics courses. In order to achieve this goal, we have endeavored 
to use terminology that is familiar to the student who is encountering the discipline 
of materiais Science and engineering for the first time, and also to define and ex- 
plain all unfamiliar terms. 

The second objective is to present the subject matter in a logical order, from 
the simple to the more complex. Each chapter builds on the content of previous 
ones. 

The third objective, or philosophy, that we strive to maintain throughout the 
text is that if a topic or concept is worth treating, then it is worth treating in suffi- 
cient detail and to the extent that students have the opportunity to fully understand 
it without having to consult other sources; also, in most cases, some practical rele- 
vance is provided. Discussions are intended to be clear and concise and to begin at 
appropriate leveis of understanding. 

The fourth objective is to include features in the book that will expedite the 
learning process. These learning aids include: 

• Numerous illustrations, now presented in full color, and photographs to help 
visualize what is being presented; 

• Learning objectives, to focus student attention on what they should be getting 
from each chapter; 

• “Why Study . . and “Materials of Importance” items that provide relevance 
to topic discussions; 

• “Concept Check” questions that test whether or not a student understands 
the subject matter on a conceptual levei; 

• Key terms and descriptions of key equations highlighted in the margins for 
quick reference; 

• End-of-chapter questions and problems designed to progressively develop 
students’ understanding of concepts and facility with skills; 

• Answers to selected problems, so that students can check their work; 

• A glossary, list of symbols, and references to facilitate understanding the 
subject matter. 

The fifth objective is to enhance the teaching and learning process by using the 
newer technologies that are available to most instructors and students of engi- 
neering today. 



• VII 
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Features That Are New to This Edition 

New/Revised Content 

Several important changes have been made with this Eighth Edition. One of the 
most significant is the incorporation of a number of new sections, as well as revisions/ 
amplifications of other sections. New sections/discussions are as follows: 

• Diffusion in semiconductors (Section 5.6). 

• Flash memory (in Section 18.15). 

• “Biodegradable and Biorenewable Polymers/Plastics” Materials of Importance 
piece in Chapter 22. 

Other revisions and additions include the following: 

• Expanded discussion on nanomaterials (Section 1.5). 

• A more comprehensive discussion on the construction of crystallographic 
directions in hexagonal unit cells — also of conversion from the three-index 
scheme to four-index (Section 3.9). 

• Expanded discussion on titanium alloys (Section 11.3). 

• Revised and enlarged treatment of hardness and hardness testing of ceram- 
ics (Section 12.11). 

• Updated discussion on the process for making sheet glass (in Section 13.9). 

• Updates on magnetic storage (hard disk drives and magnetic tapes— Section 

20.11). 

• Minor updates and revisions in Chapter 22 (“Economic, Environmental, 
and Societal Issues in Materials Science and Engineering”), especially on 
recycling. 

• Appendix C (“Costs and Relative Costs for Selected Engineering Materials”) 

has been updated. 

• End-of chapter summaries have been revised to reflect answers/responses to 
the extended lists of learning objectives, to better serve students as a study 
guide. 

• Summary table of important equations at the end of each chapter. 

• Summary list of symbols at the end of each chapter. 

• New chapter-opener photos and layouts, focusing on applications of materiais 
Science to help engage students and motivate a desire to learn more about 
materiais Science. 

• Virtually all Homework problems requiring computations have been refreshed. 

Processíng/Structure/Properties/Performance Correlations 

One new feature that has been incorporated throughout this new edition is a track- 
ing of relationships among the processing, structure, properties, and performance 
components for four different materiais: Steel alloys, glass-ceramics, polymer fibers, 
and Silicon semiconductors. This concept is outlined in Chapter 1 (Section 1.7), which 
includes the presentation of a “topic timeline.'’ This timeline notes those locations 
(by section) where discussions involving the processing, structure, properties, and 
performance of each of these four material types are found. 

These discussions are introduced in the “Why Study?” sections of appropriate 
chapters, and, in addition, end-of-chapter summaries with relational diagrams are 
also included. Finally, for each of the four materiais a processing/structure/properties/ 
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performance summary appears at the end of that chapter in which the last item on 
the topic timeline appears. 

Discipline-Specific Modules 

A set of discipline-specific modules appear on the book’s web site (Student Com- 
panion Site). These modules treat materiais science/engineering topics not covered 
in the print text that are relevant to specific engineering disciplines— mechanical 
and biomaterials. 

All Chapters Now In Print 

Five chapters of the previous edition were in electronic format only (i.e., not in 
print). In this edition, all chapters are in print. 

Case Studíes 

In prior editions, “Materials Selection and Design Considerations” consisted of a 
series of case studies that were included as Chapter 22. These case studies will 
now appear as a library of case studies on the book’s web site (Student Compan- 
ion Site) at www.wiley.com/college/callister. This library includes the following: 

• Materials Selection for a Torsionally Stressed Cylindrical Shaft 

• Automobile Valve Spring 

• Failure of an Automobile Rear Axle 

• Artificial Total Hip Replacement 

• Chemical Protective Clothing 

• Materials for Integrated Circuit Packages 

Student Learning Resources 

(WWW WILEY. COM/COLLEGE/CALLISTER) 

Also found on the book’s web site (Student Companion Site) are several impor- 
tant instructional elements for the student that complement the text; these include 
the following: 

1. VMSE: Virtual Materials Science and Engineering. This is an expanded ver- 
sion of the software program that accompanied the previous edition. It consists of 
interactive simulations and animations that enhance the learning of key concepts in 
materiais Science and engineering, and, in addition, a materiais properties/cost data- 
base. Students can access VMSE via the registration code included on the inside 
front cover of the textbook. 

Throughout the book, whenever there is some text or a problem that is supple- 
mented by VMSE, a small “icon” that denotes the associated module is included in 
one of the margins. These modules and their corresponding icons are as follows: 



Metallic Crystal Structures 
and Crystallography 


13 


Phase Diagrams 


ÊL 


Ceramic Crystal Structures 


W 


Diffusion 


isAM 


Repeat Unit and Polymer 
Structures 




Tensile Tests 


£ 


Dislocations 




Solid-Solution Strengthening 
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2. Answers to Concept Check questions. Students can visit the web site to find 
the correct answers to the Concept Check questions. 

3. Extended Learning Objectives—a more extensive list of learning objectives 
than is provided at the beginning of each chapter. These direct the student to study 
the subject material to a greater degree of depth. 

4. Direct access to online self-assessment exercises. This is a Web-based assess- 
ment program that contains questions and problems similar to those found in the 
text; these problems/questions are organized and labeled according to textbook sec- 
tions. An answer/solution that is entered by the user in response to a question/problem 
is graded immediately, and comments are offered for incorrect responses. The student 
may use this electronic resource to review course material, and to assess his/her 
mastery and understanding of topics covered in the text. 

5. Index of Learning Styles. Upon answering a 44-item questionnaire, a user’s 
learning style preference (i.e., the manner in which information is assimilated and 
processed) is assessed. 



Instructors’ Resources 

The Instructor Companion Site ( www.wiley.com/college/callister ) is available for in- 
structors who have adopted this text. Please visit the web site to register for access. 
Resources that are available include the following: 

1. Instructor Solutions Manual. Detailed Solutions of all end-of-chapter ques- 
tions and problems (in both Word® and Adobe Acrobat® PDF formats). 

2. Photographs, illustrations, and tables that appear in the book. These are in 
both PDF and JPEG formats so that an instructor can print them for handouts or 
prepare transparencies in his/her desired format. 

3. A set of PowerPoint® lecture slides. These slides, developed by Peter 
M. Anderson (The Ohio State University), and adapted by the text authors, fol- 
low the flow of topics in the text, and include materiais from the text and from 
other sources. Instructors may use the slides as is or edit them to fit their teach- 
ing needs. 

4. A list of classroom demonstrations and laboratory experiments. These 
portray phenomena and/or illustrate principies that are discussed in the book; 
references are also provided that give more detailed accounts of these demon- 
strations. 

5. Conversion guide. This guide notes, for each homework problem/question 
(by number), whether or not it appeared in the seventh edition of Introduction, and, 
if so, its number in this previous edition. Most problems have been refreshed (i.e., 
new numbers were assigned to values of parameters given the problem statement); 
refreshed problems are also indicated in this conversion guide. 

6. Suggested course syllabi for the various engineering disciplines. Instructors 
may consult these syllabi for guidance in course/lecture organization and planning. 

7. In addition, all of the student learning resources described above are avail- 
able on the Instructor Companion Site. 



WileyPLUS 



This online teaching and learning environment integrates the entire digital textbook 
with the most effective instructor and student resources to fit every learning style. 
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With WileyPLUS: 

• Students achieve concept mastery in a rich, structured environment thafs 
available 24/7. 

• Instructors personalize and manage their course more effectively with 
assessment, assignments, grade tracking, and more. 

WileyPLUS can complement your current textbook or replace the printed text 
altogether. 

For Students 

Personalize the learning experience 

Different learning styles, different leveis of proficiency, different leveis of preparation— 
each of your students is unique. WileyPL US empowers them to take advantage of 
their individual strengths: 

• Students receive timely access to resources that address their demonstrated 
needs, and get immediate feedback and remediation when needed. 

• Integrated, multi-media resources— including visual exhibits, demonstration 
problems, and much more— provide mui tiple study-paths to fit each 
studenfs learning preferences and encourage more active learning. 

• WileyPL US includes many opportunities for self-assessment linked to the 
relevant portions of the text. Students can take control of their own learn- 
ing and practice until they master the material. 

For Instructors 

Personalize the teaching experience 

WileyPLUS empowers you, the instructor, with the tools and resources you need 
to make your teaching even more effective: 

• You can customize your classroom presentation with a wealth of resources 
and functionality from PowerPoint slides to a database of rich visuais. You 
can even add your own materiais to your WileyPL US course. 

• With WileyPLUS you can identify those students who are falling behind and 
intervene accordingly, without having to wait for them to come to your office. 

• WileyPLUS simplifies and automates such tasks as student performance 
assessment, making assignments, scoring student work, recording grades, and 
more. 



Feedback 



We have a sincere interest in meeting the needs of educators and students in the 
materiais Science and engineering community, and, therefore, would like to solicit 
feedback on this eighth edition. Comments, suggestions, and criticisms may be sub- 
mitted to the authors via e-mail at the following address: billcallister@comcast.net. 
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gation (8.5) 

(T fs = flexural strength (12.9) 
cr m = maximum stress (8.5) 

< r m = mean stress (8.7) 
cr' m = stress in matrix at composite 
failure (16.5) 
ct t = true stress (6.7) 

< t w = safe or working stress (6.12) 

(T y = yield strength (6.6) 
t = shear stress (6.2) 
t c = fiber-matrix bond 

strength/matrix shear yield 
strength (16.4) 

T crss = criticai resolved shear stress 
(7.5) 

X m = magnetic susceptibility (20.2) 

SUBSCRIPTS 

c = composite 
cd = discontinuous fibrous 
composite 

cl = longitudinal direction (aligned 
fibrous composite) 
ct = transverse direction (aligned 
fibrous composite) 

/ = final 
/ = at fracture 
/ = fiber 
i = instantaneous 
m = matrix 
m, max = maximum 
min = minimum 
0 = original 
0 = at equilibrium 
0 = in a vacuum 
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i familiar item that is fabricated from three different material types is the beverage 
Container. Beverages are marketed in alumínum (metal) cans (top), glass (ceramic) bottles 
(center), and plastic (polymer) bottles (bottom). (Permission to use these photographs was 
granted by the Coca-Cola Company. Coca-Cola, Coca-Cola Classic, the Contour Bottle 
design and the Dynamic Ribbon are registered trademarks of The Coca-Cola Company and 
used with its express permission. Soda being poured from a glass: © blickwinkel/Alamy.) 



Learníng Objectives 

After studying this chapter you should be able to do the 

1 . List six different property classifications of 
materiais that determine their applicability. 

2. Cite the four components that are involved in 
the design, production, and utilization of 
materiais, and briefly describe the interrelation- 
ships between these components. 

3. Cite three criteria that are important in the 
materiais selection process. 



following: 

4 . (a) List the three primary classifications of 

solid materiais, and then cite the distinctive 
Chemical feature of each. 

(b) Note the four types of advanced materiais 
and, for each, its distinctive feature(s). 

5. (a) Briefly define "smart material/system." 

(b) Briefly explain the concept of "nanotech- 

nology" as it applies to materiais. 



1.1 HISTORICAL PERSPECTIVE 

Materials are probably more deep-seated in our culture than most of us realize. 
Transportation, housing, clothing, communication, recreation, and food production— 
virtually every segment of our everyday lives is influenced to one degree or another 
by materiais. Historically, the development and advancement of societies have been 
intimately tied to the members’ ability to produce and manipulate materiais to fill 
their needs. In fact, early civilizations have been designated by the levei of their 
materiais development (Stone Age, Bronze Age, Iron Age). 1 

The earliest humans had access to only a very limited number of materiais, 
those that occur naturally: stone, wood, clay, skins, and so on. With time they dis- 
covered techniques for producing materiais that had properties superior to those 
of the natural ones; these new materiais included pottery and various metais. Fur- 
thermore, it was discovered that the properties of a material could be altered by 
heat treatments and by the addition of other substances. At this point, materiais uti- 
lization was totally a selection process that involved deciding from a given, rather 
limited set of materiais the one best suited for an application by virtue of its char- 
acteristics. It was not until relatively recent times that scientists came to understand 
the relationships between the structural elements of materiais and their properties. 
This knowledge, acquired over approximately the past 100 years, has empowered 
them to fashion, to a large degree, the characteristics of materiais. Thus, tens of thou- 
sands of different materiais have evolved with rather specialized characteristics that 
meet the needs of our modern and complex society; these include metais, plastics, 
glasses, and fibers. 

The development of many technologies that make our existence so com- 
fortable has been intimately associated with the accessibility of suitable materiais. 
An advancement in the understanding of a material type is often the fore- 
runner to the stepwise progression of a technology. For example, automobiles 
would not have been possible without the availability of inexpensive Steel or 
some other comparable substitute. In our contemporary era, sophisticated elec- 
tronic devices rely on components that are made from what are called semicon- 
ducting materiais. 



2 • 



1 The approximate dates for the beginnings of the Stone, Bronze, and Iron Ages were 2.5 
million BC, 3500 BC, and 1000 BC, respectively. 
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1.2 MATERIALS SCIENCE AND ENGINEERING 

Sometimes it is useful to subdivide the discipline of materiais Science and engi- 
neering into materiais Science and materiais engineering subdisciplines. Strictly 
speaking, materiais Science involves investigating the relationships that exist be- 
tween the structures and properties of materiais. In contrast, materiais engineering 
is, on the basis of these structure-property correlations, designing or engineering 
the structure of a material to produce a predetermined set of properties . 2 From a 
functional perspective, the role of a materiais scientist is to develop or synthesize 
new materiais, whereas a materiais engineer is called upon to create new products 
or systems using existing materiais, and/or to develop techniques for processing 
materiais. Most graduates in materiais programs are trained to be both materiais 
scientists and materiais engineers. 

Structure is at this point a nebulous term that deserves some explanation. In 
brief, the structure of a material usually relates to the arrangement of its internai 
components. Subatomic structure involves electrons within the individual atoms and 
interactions with their nuclei. On an atomic levei, structure encompasses the or- 
ganization of atoms or molecules relative to one another. The next larger structural 
realm, which contains large groups of atoms that are normally agglomerated to- 
gether, is termed microscopic, meaning that which is subject to direct observation 
using some type of microscope. Finally, structural elements that may be viewed with 
the naked eye are termed macroscopic. 

The notion of property deserves elaboration. While in Service use, all materiais 
are exposed to externai stimuli that evoke some type of response. For example, a 
specimen subjected to forces will experience deformation, or a polished metal surface 
will reflect light. A property is a material trait in terms of the kind and magnitude of 
response to a specific imposed stimulus. Generally, definitions of properties are 
made independent of material shape and size. 

Virtually all important properties of solid materiais may be grouped into six 
different categories: mechanical, electrical, thermal, magnetic, optical, and deterio- 
rative. For each there is a characteristic type of stimulus capable of provoking dif- 
ferent responses. Mechanical properties relate deformation to an applied load or 
force; examples include elastic modulus (stiffness), strength, and toughness. For elec- 
trical properties, such as electrical conductivity and dielectric constant, the stimu- 
lus is an electric field. The thermal behavior of solids can be represented in terms 
of heat capacity and thermal conductivity. Magnetic properties demonstrate the re- 
sponse of a material to the application of a magnetic field. For optical properties, 
the stimulus is electromagnetic or light radiation; index of refraction and reflectiv- 
ity are representative optical properties. Finally, deteriorative characteristics relate 
to the Chemical reactivity of materiais. The chapters that follow discuss properties 
that fali within each of these six classifications. 

In addition to structure and properties, two other important components are 
involved in the Science and engineering of materiais— namely, processing and per- 
formance. With regard to the relationships of these four components, the structure 
of a material will depend on how it is processed. Furthermore, a materiaFs per- 
formance will be a function of its properties. Thus, the interrelationship between 
processing, structure, properties, and performance is as depicted in the schematic 



2 Throughout this text we draw attention to the relationships between material properties 
and structural elements. 
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Structure 




Properties 




Performance 



Figure 1.1 The four components of the discipline of materiais Science and engineering 
and their interrelationship. 

illustration shown in Figure 1.1. Throughout this text we draw attention to the 
relationships among these four components in terms of the design, production, and 
utilization of materiais. 

We now present an example of these processing-structure-properties-performance 
principies with Figure 1.2, a photograph showing three thin disk specimens placed 
over some printed matter. It is obvious that the optical properties (i.e., the light trans- 
mittance) of each of the three materiais are different; the one on the left is trans- 
parent (i.e., virtually all of the reflected light passes through it), whereas the disks in 
the center and on the right are, respectively, translucent and opaque. All of these spec- 
imens are of the same material, aluminum oxide, but the leftmost one is what we call 
a single crystal— that is, has a high degree of perfection— which gives rise to its trans- 
parency. The center one is composed of numerous and very small single crystals that 
are all connected; the boundaries between these small crystals scatter a portion of the 
light reflected from the printed page, which makes this material optically translucent. 
Finally, the specimen on the right is composed not only of many small, interconnected 
crystals, but also of a large number of very small pores or void spaces. These pores 
also effectively scatter the reflected light and render this material opaque. 

Thus, the structures of these three specimens are different in terms of crystal 
boundaries and pores, which affect the optical transmittance properties. Further- 
more, each material was produced using a different processing technique. And, of 
course, if optical transmittance is an important parameter relative to the ultimate 
in-service application, the performance of each material will be different. 




Figure 1.2 Three thin disk specimens of aluminum oxide that have been placed over a 
printed page in order to demonstrate their differences in light-transmittance characteristics. 
The disk on the left is transparent (i.e., virtually all light that is reflected from the page 
passes through it), whereas the one in the center is translucent (meaning that some of this 
reflected light is transmitted through the disk). The disk on the right is opaque— that is, none 
of the light passes through it. These differences in optical properties are a consequence of 
differences in structure of these materiais, which have resulted from the way the materiais 
were processed. (Specimen preparation, P. A. Lessing; photography by S. Tanner.) 
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1.3 WHY STUDY MATERIALS SCIENCE 
AND ENGINEERING? 

Why do we study materiais? Many an applied scientist or engineer, whether me- 
chanical, civil, Chemical, or electrical, will at one time or another be exposed to a 
design problem involving materiais. Examples might include a transmission gear, 
the superstructure for a building, an oil refinery component, or an integrated Cir- 
cuit chip. Of course, materiais scientists and engineers are specialists who are to- 
tally involved in the investigation and design of materiais. 

Many times, a materiais problem is one of selecting the right material from the 
thousands that are available. The final decision is normally based on several criteria. 
First of all, the in-service conditions must be characterized, for these will dictate the 
properties required of the material. On only rare occasions does a material possess 
the maximum or ideal combination of properties. Thus, it may be necessary to trade 
one characteristic for another. The classic example involves strength and ductility; 
normally, a material having a high strength will have only a limited ductility. In such 
cases a reasonable compromise between two or more properties may be necessary. 

A second selection consideration is any deterioration of material properties 
that may occur during Service operation. For example, significant reductions in me- 
chanical strength may result from exposure to elevated temperatures or corrosive 
environments. 

Finally, probably the overriding consideration is that of economics: What will 
the finished product cost? A material may be found that has the ideal set of prop- 
erties but is prohibitively expensive. Here again, some compromise is inevitable. 
The cost of a finished piece also includes any expense incurred during fabrication 
to produce the desired shape. 

The more familiar an engineer or scientist is with the various characteristics 
and structure-property relationships, as well as processing techniques of materiais, 
the more proficient and confident he or she will be in making judicious materiais 
choices based on these criteria. 

1.4 CLASSIFÍCATION OF MATERIALS 

Solid materiais have been conveniently grouped into three basic categories: met- 
ais, ceramics, and polymers. This scheme is based primarily on Chemical makeup 
and atomic structure, and most materiais fali into one distinct grouping or another. 
In addition, there are the composites, which are engineered combinations of two 
or more different materiais. A brief explanation of these material classifications 
and representative characteristics is offered next. Another category is advanced 
materiais— those used in high-technology applications, such as semiconductors, bio- 
materials, smart materiais, and nanoengineered materiais; these are discussed in 
Section 1.5. 

Metals 

Materials in this group are composed of one or more metallic elements (e.g., iron, 
aluminum, copper, titanium, gold, and nickel), and often also nonmetallic elements 
(e.g., carbon, nitrogen, and oxygen) in relatively small amounts. 3 Atoms in metais and 
their alloys are arranged in a very orderly manner (as discussed in Chapter 3), and 
in comparison to the ceramics and polymers, are relatively dense (Figure 1.3). With 

3 The term metal alloy refers to a metallic substance that is composed of two or more 
elements. 
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Figure 1.3 

Bar chart of room- 
temperature density 
values for various 
metais, ceramics, 
polymers, and 
composite materiais. 



Figure 1.4 

Bar chart of room- 
temperature stiffness 
(i.e., elastic modulus) 
values for various 
metais, ceramics, 
polymers, and 
composite materiais. 
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regard to mechanical characteristics, these materiais are relatively stiff (Figure 1.4) 
and strong (Figure 1.5), yet are ductile (i.e., capable of large amounts of deformation 
without fracture), and are resistant to fracture (Figure 1.6), which accounts for their 
widespread use in structural applications. Metallic materiais have large numbers of 
nonlocalized electrons; that is, these electrons are not bound to particular atoms. Many 
properties of metais are directly attributable to these electrons. For example, metais 
are extremely good conductors of electricity (Figure 1.7) and heat, and are not trans- 
parent to visible light; a polished metal surface has a lustrous appearance. In addi- 
tion, some of the metais (i.e., Fe, Co, and Ni) have desirable magnetic properties. 

Figure 1.8 shows several common and familiar objects that are made of metal- 
lic materiais. Furthermore, the types and applications of metais and their alloys are 
discussed in Chapter 11. 

Ceramics 

Ceramics are compounds between metallic and nonmetallic elements; they are most 
frequently oxides, nitrides, and carbides. For example, common ceramic materiais 
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Figure 1.5 

Bar chart of room- 
temperature strength 
(i.e., tensile strength) 
values for various 
metais, ceramics, 
polymers, and 
composite materiais. 
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include aluminum oxide (or alumina, A1 2 0 3 ), Silicon dioxide (or sílica , Si0 2 ), Silicon 
Carbide (SiC), Silicon nitride (Si 3 N 4 ), and, in addition, what some refer to as the tra- 
ditional ceramics — those composed of clay minerais (i.e., porcelain), as well as 
cement and glass. With regard to mechanical behavior, ceramic materiais are relatively 
stiff and strong— stiffnesses and strengths are comparable to those of the metais 
(Figures 1.4 and 1.5). In addition, they are typically very hard. Flistorically, ceramics 
have exhibited extreme brittleness (lack of ductility) and are highly susceptible to frac- 
ture (Figure 1.6). Flowever, newer ceramics are being engineered to have improved 
resistance to fracture; these materiais are used for cookware, cutlery, and even auto- 
mobile engine parts. Furthermore, ceramic materiais are typically insulative to the pas- 
sage of heat and electricity (i.e., have low electrical conductivities, Figure 1.7), and are 
more resistant to high temperatures and harsh environments than metais and polymers. 
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Figure 1.6 Bar chart of room-temperature resistance to fracture (i.e., fracture toughness) 
for various metais, ceramics, polymers. and composite materiais. (Reprinted from Engineering 
Materials 1: An Introduction to Properties, Applications and Design, third edition, M. F. Ashby 
and D. R. H. Jones, pages 177 and 178, Copyright 2005, with permission from Elsevier.) 
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Figure 1.7 

Bar chart of room- 
temperature 
electrical 
conductivity ranges 
for metais, ceramics, 
polymers, and 
semiconducting 
materiais. 
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With regard to optical characteristics, ceramics may be transparent, translucent, or 
opaque (Figure 1.2), and some of the oxide ceramics (e.g.,Fe 3 0 4 ) exhibit magnetic 
behavior. 

Several common ceramic objects are shown in Figure 1.9. The characteristics, 
types, and applications of this class of materiais are discussed in Chapters 12 and 13. 

Polymers 

Polymers include the familiar plastic and rubber materiais. Many of them are organic 
compounds that are chemically based on carbon, hydrogen, and other nonmetallic 
elements (i.e., O, N, and Si). Furthermore, they have very large molecular structures, 
often chainlike in nature, that often have a backbone of carbon atoms. Some of the 
common and familiar polymers are polyethylene (PE), nylon, poly(vinyl chloride) 
(PVC),polycarbonate (PC),polystyrene (PS), and silicone rubber. These materiais typ- 
ically have low densities (Figure 1.3), whereas their mechanical characteristics are gen- 
erally dissimilar to the metallic and ceramic materiais— they are not as stiff nor as 
strong as these other material types (Figures 1.4 and 1.5). Flowever, on the basis of 




Figure 1.8 Familiar 
objects that are 
made of metais and 
metal alloys (from 
left to right): 
silverware (fork and 
knife), scissors, 
coins, a gear, a 
wedding ring, and a 
nut and bolt. 
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Figure 1.9 

Common objects 
that are made of 
ceramic materiais: 
scissors, a china 
teacup, a building 
brick, a floor tile, 
and a glass vase. 



their low densities, many times their stiffnesses and strengths on a per-mass basis are 
comparable to the metais and ceramics. In addition, many of the polymers are 
extremely ductile and pliable (i.e., plastic), which means they are easily formed into 
complex shapes. In general, they are relatively inert chemically and unreactive in a 
large number of environments. One major drawback to the polymers is their tendency 
to soften and/or decompose at modest temperatures, which, in some instances, limits 
their use. Furthermore, they have low electrical conductivities (Figure 1.7) and are 
nonmagnetic. 

Figure 1.10 shows several articles made of polymers that are familiar to the 
reader. Chapters 14 and 15 are devoted to discussions of the structures, properties, 
applications, and processing of polymeric materiais. 




Figure 1.10 

Several common 
objects that are 
made of polymeric 
materiais: plastic 
tableware (spoon, 
fork, and knife), 
billiard balis, a 
bicycle helmet, two 
dice, a lawn mower 
wheel (plastic hub 
and rubber tire), 
and a plastic milk 
carton. 
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MATERIALS OF IMPORTANCE 

Carbonated Beverage Containers 



O ne common item that presents some inter- 
esting material property requirements is the 
Container for carbonated beverages. The material 
used for this application must satisfy the follow- 
ing constraints: (1) provide a barrier to the pas- 
sage of carbon dioxide, which is under pressure 
in the Container; (2) be nontoxic, unreactive with 
the beverage, and, preferably, recyclable; (3) be 
relatively strong and capable of surviving a drop 
from a height of several feet when containing the 
beverage; (4) be inexpensive, including the cost to 
fabricate the final shape; (5) if optically transpar- 
ent, retain its optical clarity; and (6) be capable 
of being produced in different colors and/or 
adorned with decorative labeis. 

All three of the basic material types— metal 
(aluminum), ceramic (glass), and polymer (poly- 
ester plastic)— are used for carbonated beverage 
containers (per the chapter-opening photographs 
for this chapter). All of these materiais are non- 



toxic and unreactive with beverages. In addition, 
each material has its pros and cons. For example, 
the aluminum alloy is relatively strong (but easily 
dented), is a very good barrier to the diffusion of 
carbon dioxide, is easily recycled, cools beverages 
rapidly, and allows labeis to be painted onto its sur- 
face. On the other hand, the cans are optically 
opaque and relatively expensive to produce. Glass 
is impervious to the passage of carbon dioxide, is 
a relatively inexpensive material, and may be re- 
cycled, but it cracks and fractures easily, and glass 
bottles are relatively heavy. Whereas plastic is rel- 
atively strong, may be made optically transparent, 
is inexpensive and lightweight, and is recyclable, it 
is not as impervious to the passage of carbon diox- 
ide as the aluminum and glass. For example, you 
may have noticed that beverages in aluminum and 
glass containers retain their carbonization (i.e., 
“fizz”) for several years, whereas those in two-liter 
plastic bottles “go flat” within a few months. 



Composites 

A composite is composed of two (or more) individual materiais, which come from 
the categories previously discussed— metais, ceramics, and polymers. The design 
goal of a composite is to achieve a combination of properties that is not displayed 
by any single material, and also to incorporate the best characteristics of each of 
the component materiais. A large number of composite types are represented by 
different combinations of metais, ceramics, and polymers. Furthermore, some 
naturally occurring materiais are composites— for example, wood and bone. How- 
ever, most of those we consider in our discussions are synthetic (or human-made) 
composites. 

One of the most common and familiar composites is fiberglass, in which small 
glass fibers are embedded within a polymeric material (normally an epoxy or poly- 
ester). 4 The glass fibers are relatively strong and stiff (but also brittle), whereas the 
polymer is more flexible. Thus, fiberglass is relatively stiff, strong (Figures 1.4 and 
1.5), and flexible. In addition, it has a low density (Figure 1.3). 

Another technologically important material is the carbon fiber-reinforced poly- 
mer (CFRP) composite— carbon fibers that are embedded within a polymer. These 
materiais are stiffer and stronger than glass fiber-reinforced materiais (Figures 1.4 
and 1.5), but more expensive. CFRP composites are used in some aircraft and 



4 Fiberglass is sometimes also termed a “glass fiber-reinforced polymer’’ composite, abbre- 
viated GFRP. 
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aerospace applications, as well as high-tech sporting equipment (e.g., bicycles, golf 
clubs, tennis rackets, and skis/snowboards) and recently in automobile bumpers. The 
new Boeing 787 fuselage is primarily made from such CFRP composites. 

Chapter 16 is devoted to a discussion of these interesting composite materiais. 

1.5 ADVANCED MATERIALS 

Materials that are utilized in high-technology (or high-tech) applications are some- 
times termed advanced materiais. By high technology we mean a device or product 
that operates or functions using relatively intricate and sophisticated principies; ex- 
amples include electronic equipment (camcorders, CD/DVD players, etc.), com- 
puters, fiber-optic systems, spacecraft, aircraft, and military rocketry. These advanced 
materiais are typically traditional materiais whose properties have been enhanced, 
and also newly developed, high-performance materiais. Furthermore, they may be 
of all material types (e.g., metais, ceramics, polymers), and are normally expensive. 
Advanced materiais include semiconductors, biomaterials, and what we may term 
“materiais of the future” (that is, smart materiais and nanoengineered materiais), 
which we discuss next. The properties and applications of a number of these 
advanced materiais— for example, materiais that are used for lasers, integrated 
circuits, magnetic information storage, liquid crystal displays (LCDs), and fiber 
optics— are also discussed in subsequent chapters. 

Semiconductors 

Semiconductors have electrical properties that are intermediate between the elec- 
trical conductors (i.e., metais and metal alloys) and insulators (i.e., ceramics and 
polymers)— see Figure 1.7. Furthermore, the electrical characteristics of these ma- 
teriais are extremely sensitive to the presence of minute concentrations of impu- 
rity atoms, for which the concentrations may be controlled over very small spatial 
regions. Semiconductors have made possible the advent of integrated circuitry that 
has totally revolutionized the electronics and Computer industries (not to mention 
our lives) over the past three decades. 

Biomaterials 

Biomaterials are employed in components implanted into the human body to re- 
place diseased or damaged body parts. These materiais must not produce toxic sub- 
stances and must be compatible with body tissues (i.e., must not cause adverse 
biological reactions). All of the preceding materiais— metais, ceramics, polymers, 
composites, and semiconductors— may be used as biomaterials. For example, some 
of the biomaterials that are utilized in artificial hip replacements are discussed in 
the online Biomaterials Module. 

Smart Materials 

Smart (or intelligent) materiais are a group of new and state-of-the-art materiais 
now being developed that will have a significant influence on many of our tech- 
nologies. The adjective smart implies that these materiais are able to sense changes 
in their environment and then respond to these changes in predetermined 
manners— traits that are also found in living organisms. In addition, this “smart” 
concept is being extended to rather sophisticated systems that consist of both smart 
and traditional materiais. 

Components of a smart material (or system) include some type of sensor (that 
detects an input signal), and an actuator (that performs a responsive and adaptive 
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function). Actuators may be called upon to change shape, position, natural fre- 
quency, or mechanical characteristics in response to changes in temperature, elec- 
tric fields, and/or magnetic fields. 

Four types of materiais are commonly used for actuators: shape-memory alloys, 
piezoelectric ceramics, magnetostrictive materiais, and electrorheological/magne- 
torheological fluids. Shape-memory alloys are metais that, after having been de- 
formed, revert back to their original shape when temperature is changed (see the 
Materials of Importance box following Section 10.9). Piezoelectric ceramics expand 
and contract in response to an applied electric field (or voltage); conversely, they 
also generate an electric field when their dimensions are altered (see Section 18.25). 
The behavior of magnetostrictive materiais is analogous to that of the piezoelectrics, 
except that they are responsive to magnetic fields. Also, electrorheological and mag- 
netorheological fluids are liquids that experience dramatic changes in viscosity upon 
the application of electric and magnetic fields, respectively. 

Materials/de vices employed as sensors include optical fibers (Section 21.14), 
piezoelectric materiais (including some polymers), and microelectromechanical Sys- 
tems (MEMS, Section 13.8). 

For example, one type of smart system is used in helicopters to reduce aero- 
dynamic cockpit noise that is created by the rotating rotor blades. Piezoelectric 
sensors inserted into the blades monitor blade stresses and deformations; feedback 
signals from these sensors are fed into a computer-controlled adaptive device, which 
generates noise-canceling antinoise. 

Nano matéria Is 

One new material class that has fascinating properties and tremendous technolog- 
ical promise is the nanomaterials. Nanomaterials may be any one of the four basic 
types— metais, ceramics, polymers, and composites. Flowever, unlike these other ma- 
teriais, they are not distinguished on the basis of their chemistry, but rather, size; 
the nano - prefix denotes that the dimensions of these structural entities are on the 
order of a nanometer (10 9 m)— as a rule, less than 100 nanometers (equivalent to 
approximately 500 atom diameters). 

Prior to the advent of nanomaterials, the general procedure scientists used to 
understand the chemistry and physics of materiais was to begin by studying large 
and complex structures, and then to investigate the fundamental building blocks of 
these structures that are smaller and simpler. This approach is sometimes termed 
“top-down” Science. On the other hand, with the development of scanning probe 
microscopes (Section 4.10), which permit observation of individual atoms and mol- 
ecules, it has become possible to design and build new structures from their atomic- 
level constituents, one atom or molecule at a time (i.e., “materiais by design”). This 
ability to carefully arrange atoms provides opportunities to develop mechanical, 
electrical, magnetic, and other properties that are not otherwise possible. We call 
this the “bottom-up” approach, and the study of the properties of these materiais 
is termed nanotechnology. 5 

Some of the physical and Chemical characteristics exhibited by matter may 
experience dramatic changes as particle size approaches atomic dimensions. For 



5 One legendary and prophetic suggestion as to the possibility of nanoengineered materiais 
was offered by Richard Feynman in his 1959 American Physical Society lecture titled 
“There’s Plenty of Room at the Bottom.” 
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example, materiais that are opaque in the macroscopic domain may become 
transparent on the nanoscale; some solids become liquids, chemically stable materi- 
ais become combustible, and electrical insulators become conductors. Furthermore, 
properties may depend on size in this nanoscale domain. Some of these effects are 
quantum mechanical in origin, others are related to surface phenomena— the pro- 
portion of atoms located on surface sites of a particle increases dramatically as its 
size decreases. 

Because of these unique and unusual properties, nanomaterials are finding 
niches in electronic, biomedical, sporting, energy production, and other industrial 
applications. Some are discussed in this book; these include the following: 

• Catalytic converters for automobiles— Materials of Importance box, 

Chapter 4 

• Carbon nanotubes— Materials of Importance box, Chapter 12 

• Particles of carbon black as reinforcement for automobile tires— Section 16.2 

• Nanocomposites in tennis balis— Materials of Importance box, Chapter 16 

• Magnetic nanosize grains that are used for hard disk drives— Section 20.11 

• Magnetic particles that store data on magnetic tapes— Section 20.11 

Whenever a new material is developed, its potential for harmful and toxico- 
logical interactions with humans and animais must be considered. Small nanopar- 
ticles have exceedingly large surface area-to-volume ratios, which can lead to high 
Chemical reactivities. Although the safety of nanomaterials is relatively unexplored, 
there are concerns that they may be absorbed into the body through the skin, lungs, 
and digestive tract at relatively high rates, and that some, if present in sufficient 
concentrations, will pose health risks— such as damage to DNA or promotion of 
lung câncer. 



1.6 MODERN MATERIALS' NEEDS 

In spite of the tremendous progress that has been made in the discipline of mate- 
riais Science and engineering within the past few years, technological challenges still 
remain, including the development of even more sophisticated and specialized ma- 
teriais, as well as consideration of the environmental impact of materiais produc- 
tion. Some comment is appropriate relative to these issues so as to round out this 
perspective. 

Nuclear energy holds some promise, but the Solutions to the many problems 
that remain will necessarily involve materiais, such as fuels, containment structures, 
and facilities for the disposal of radioactive waste. 

Significant quantities of energy are involved in transportation. Reducing the 
weight of transportation vehicles (automobiles, aircraft, trains, etc.), as well as 
increasing engine operating temperatures, will enhance fuel efficiency. New high- 
strength, low-density structural materiais remain to be developed, as well as mate- 
riais that have higher-temperature capabilities, for use in engine components. 

Furthermore, there is a recognized need to find new, economical sources of 
energy and to use present resources more efficiently. Materials will undoubtedly 
play a significant role in these developments. For example, the direct conversion 
of solar power into electrical energy has been demonstrated. Solar cells employ 
some rather complex and expensive materiais. To ensure a viable technology, 
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materiais that are highly efficient in this conversion process yet less costly must 
be developed. 

The hydrogen fuel cell is another very attractive and feasible energy- 
conversion technology that has the advantage of being nonpolluting. It is just 
beginning to be implemented in batteries for electronic devices and holds prom- 
ise as a power plant for automobiles. New materiais still need to be developed 
for more efficient fuel cells and also for better catalysts to be used in the pro- 
duction of hydrogen. 

Furthermore, environmental quality depends on our ability to control air and 
water pollution. Pollution control techniques employ various materiais. In addition, 
materiais processing and refinement methods need to be improved so that they pro- 
duce less environmental degradation— that is, less pollution and less despoilage of 
the landscape from the mining of raw materiais. Also, in some materiais manufac- 
turing processes, toxic substances are produced, and the ecological impact of their 
disposal must be considered. 

Many materiais that we use are derived from resources that are nonrenewable— 
that is, not capable of being regenerated. These include most polymers, for which 
the prime raw material is oil, and some metais. These nonrenewable resources are 
gradually becoming depleted, which necessitates (1) the discovery of additional re- 
serves, (2) the development of new materiais having comparable properties with 
less adverse environmental impact, and/or (3) increased recycling efforts and the 
development of new recycling technologies. As a consequence of the economics of 
not only production but also environmental impact and ecological factors, it is be- 
coming increasingly important to consider the “cradle-to-grave” life cycle of mate- 
riais relative to the overall manufacturing process. 

The roles that materiais scientists and engineers play relative to these, as well 
as other environmental and societal issues, are discussed in more detail in 
Chapter 22. 



1.7 PROCESSING/STRUCTURE/PROPERTIES/ 

PERFORMANCE CORRELATIONS 

As mentioned previously (Section 1.2), the Science and engineering of materiais 
involves four interrelated components: processing, structure, properties, and per- 
formance (Figure 1.1). Inasmuch as the remainder of the book discusses these com- 
ponents for the different material types, it has been decided to direct the readers’ 
attention to the treatment of individual components for several specific materiais. 
Whereas some of these discussions are found within single chapters, others are 
spread out over multiple chapters. For the latter, and for each material we have se- 
lected, a “topic timeline” has been created that indicates the locations (by sections) 
where treatments of the four components are to be found. Figure 1.11 presents topic 
timelines for the following materiais: steels, glass-ceramics, polymer fibers, and Sil- 
icon semiconductors. In addition, at the beginning of each chapter (in the Why 
Study? section), we note those materiais that have some aspect of their processing, 
structure, properties, and/or performance discussed in that chapter. And, finally, a 
processing/structure/properties/performance summary appears at the end of that 
chapter in which the last item on the topic timeline appears— for example, Chapter 11 
for steels, Chapter 13 for glass-ceramics, Chapter 15 for polymer fibers, and 
Chapter 18 for Silicon semiconductors. 
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Figure 1.11 Processing/structure/properties/performance topic timelines for (a) steels, 
(b) glass-ceramics, (c) polymer fibers, and (d) Silicon semiconductors. 
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